Background: To identify the most cost-beneficial model as a national policy of screening and diagnosis of fetal Down syndrome (DS) in developing countries. Methods: Cost-benefit analysis (CBA) was performed based on the effectiveness and probabilities derived from a large prospective study on MSS (maternal serum screening) among Thai population. Various models including maternal age alone, STS (second trimester screen), I-S (independent screen: first or second trimester screen depending on the time of first visit), C-S (contingent serum screen) plus STS, maternal age with NIPS (non-invasive prenatal test), STS alone with NIPS, I-S with NIPS, C-S plus STS with NIPS, and Universal NIPS were compared. Results: I-S with NIPS as a secondary screening was most cost-beneficial (Benefit/Cost ratio 4.28). Cost-benefit is directly related to the costs of NIPS. Conclusion: In addition to simplicity and feasibility, I-S with expensive NIPS as a secondary screening is the most cost-beneficial method for low resource settings and should be included in universal healthcare coverage as a national policy. This study could be a model for developing countries or a guideline for international health organizations to help low resource countries, probably leading to a paradigm shift in prenatal diagnosis of fetal DS in the developing world.
Background
Prenatal screening and diagnosis of Down syndrome (DS) with maternal serum screening (MSS) has been established in developed countries [1] . However, the incidence in countries with low-resource settings has not changed much in recent years, in spite of the fact that there is more need for lower incidence in poorer countries, since DS can constitute more burdens due to the low quality of life in poor countries [2, 3] . Moreover, in low resource countries, the socio-economic gap is even wider. We believe that economic inequality results in health inequality. In this regard, the expensive but more effective non-invasive prenatal screen (NIPS) has been accepted by wealthy couples but the poor do not have the opportunity to benefit from it. The only way to overcome this problem is to include cost-benefit screening in universal health care coverage as a national policy. In Thailand, we are considering the implementation of DS screening for all women as a national policy free of charge. However, the most cost-beneficial model is not known, especially in developing countries. Additionally, the studies on the cost-benefit of such strategies are mostly based on simulations of hypothetical cohort instead of testing on real situations that are varied among geographical and racial groups. Many cost-benefit studies [4] [5] [6] [7] relied on the western data of MSS developed for western population, but its efficacy is very different from that used in other parts of the world. Moreover, CBA (cost-benefit analysis) in previous studies were based on assumption that all women were assumed to attend prenatal care in the first trimester. This is not true in real practice. To yield the most reliable results of CBA, the input variables must be most accurate. Therefore, we conducted this CBA based on the effectiveness of various models of primary screenings and real probabilities of various events derived from our own large prospective project [8] . This study was done to determine the best model for developing countries based on feasibility, simplicity and cost-benefit, so as to be considered in the universal health care coverage. Accordingly, this study did not include the techniques that are not practicable in low resource settings, such as NT, which needs expertise and is not widely available; integrated MSS test, which needs two screenings and the costs are double. However, NIPS as a secondary screening test might be cost-beneficial even in poor countries if the primary screen (MSS) is very effective with a low false positive rate (a small number of amniocenteses). It is more feasible to make NIPS available all over a country than amniocentesis, with a large number of chromosome laboratories. Accordingly, we performed CBA for several strategies, both when combined with NIPS and when not combined, to identify the most cost-beneficial model as a national policy of screening and diagnosis of fetal Down syndrome (DS) in developing countries.
Methods
This study was cost-benefit analysis (CBA) which was conducted with ethical approval by the institutional review board, as the second part of our previous study [8] , which was prospectively conducted on 41,924 pregnancies in the northern part of Thailand, including 33 community hospitals. CBA was based on the effectiveness of MSS and probabilities of various events derived from the previous study [8] and was performed from both societal and government perspectives. Probabilities and costs were applied to a hypothetical cohort of 800,000 pregnant women, representing the estimated annual number of pregnancies in Thailand. This CBA was performed using decision tree for 10 models as follows: 1) Reference situation (Base case): No prenatal screening and no amniocentesis (invasive prenatal testing); 2) Maternal age alone: Advanced maternal age (≥ 35 years) was classified as high risk and was offered amniocentesis; 3) Maternal age with NIPS: Advanced maternal age (≥ 35 years) was classified as high risk and offered NIPS. If NIPS was positive, amniocentesis was offered; 4) STS (second trimester screening) alone: Screening all women in the second trimester (15-20 weeks of gestation) and amniocentesis was offered in case of high risk serum markers; 5) STS with NIPS: Screening all women in the second trimester and NIPS was offered in case of high risk serum markers and amniocentesis was performed if NIPS was positive; 6) Independent screen (I-S): Women seen in the first trimester (9-14 weeks) were screened with FTS (first trimester screening) and those seen in the second trimester (15-20 weeks) were screened with STS. The women at high risk either by FTS or STS were offered amniocentesis; 7) I-S with NIPS: The same as no.6; but the high risk cases either by FTS or STS were offered NIPS and then amniocentesis in case of positive NIPS; 8) C-S (contingent serum screen) plus STS: Women seen in the first trimester (9-14 weeks) were screened with FTS and were classified as high risk (risk > 1:30) indicated for amniocentesis, intermediate risk (risk between 1:30-1:1500) indicated for STS and reclassified risk into low or high risk (> 1:250) by all serum markers, and low risk (risk < 1500) needed no further tests. The women seen in the second trimester (15-20 weeks) were screened with STS mentioned above (no. 4); 9) C-S plus STS, with NIPS: The same as no. 8; but the high risk cases were offered NIPS instead and amniocentesis in cases of positive NIPS; 10) Universal NIPS: All pregnant women before 20 weeks of gestation were offered NIPS and amniocentesis in cases of positive NIPS.
The CBA was based on the concept in Fig. 1 which compared the costs and outcomes of the models in money units. The costs included medical cost, family and relative costs and productivity (C1 + C2 + C3). They also included a number of DS secondary to false negative of the screening tests, non-acceptance of pregnancy termination of fetal DS and productivity of normal fetuses ending-up with fetal loss caused by amniocentesis. The benefits of the model included the sum of willingness to pay money to avoid having a DS baby and costs saved from the avoidance of DS (S1 + S2 + S3: direct and indirect life time costs and productivity). Cost-benefit calculation was expressed as incremental benefit-to-cost ratio (Δ benefit / Δ cost) and incremental benefit-to-cost difference (Δ benefit -Δ cost), whereas Δ benefit is the benefit of any situation minus the benefit in the reference situation or without any screening and Δ cost is the cost of any situation minus the cost in the reference situation. Direct medical cost included screening tests and prenatal diagnosis (serum markers, cytogenetic lab, counseling and termination of pregnancy) and cost of taking care of DS child (physical program, treatment of complications, stimulating/promoting development). Direct non-medical cost included accommodation, meals, commuting of the patients and relatives during doctor visits and informal care of DS child. Indirect cost included productivity of: 1) the patients and relatives during doctor visits, 2) normal child terminated due to false positive tests, and 3) the relatives of taking care of the DS child. Costs from societal perspective included all items mentioned above while costs from governmental perspective included only direct medical cost. Probabilities of events and variables in effectiveness of screening tests and prenatal diagnoses: sensitivities and specificities (using risk cut-off 1:250) were derived from the study in the same population [8] . The costs of screening and prenatal diagnosis were assessed from our centers with micro-costing analysis. Direct and indirect costs of taking care of DS were derived from wellestablished publications [2, [9] [10] [11] , with conversion to be equivalent to the Thai costs of living. All costs were adjusted to the costs in 2015 with consumer price index (CPI). The benefits consisting of the costs saved by the avoidance of new cases of DS and benefits in health outcomes were assessed from "willingness to pay (WTP) survey". WTP was based on the interview (in Thai language) of women aged 25-45 years, in the year 2014 with the following question. "In the scenario that you are pregnant and your baby is affected by Down syndrome, what is the highest payment you are willing to make to avert the scenario? The payment you have to make once in six months. This is in the condition that you are willing to give birth to a Down's baby and the government is responsible for all costs of living such as cost of taking care, illness treatment, nursing etc." Then the willingness-to-pay was evaluated with bidding or bargaining format. In this study the interviewer offered the starting point of 5000 to 300,000 Thai baht to reduce biases which might occur during bargaining. The uncertainty analysis was performed using one-way and probabilistic sensitivity analyses. The CBA was analyzed using A software package (TreeAge Pro 2009, TreeAge Inc., Williams-town, MA, USA).
Results
We based the CBA on 41,924 screens with a risk cutoff of 1:250, both the model performance and event probabilities as summarized in Tables 1 and 2 . The accuracy of NIPS (99.0%) was based on previous studies [12] and the acceptance rate (99.0%, in case of free of charge) was assumed based on the acceptance of MSS in our previous study [8] .
Costs screening tests used in the CBA were calculated by micro-costing, representing costs in Thailand in the year 2015. However, the life-time cost for taking care of a DS child among Thai population with reliable and comprehensive analysis was not available. Thus, we used the cost from the western well-established data with being converted to cost equivalent to Thai cost of living using purchasing Table 1 , 2 and 3. All models for CBA were based on Thai reference range (TRR). Probabilities and costs were applied to a hypothetical cohort of 800,000 pregnant women, representing the estimated annual number of pregnancies in Thailand. This CBA was performed using decision tree for 10 models as stated in the "Methods" section. The CBA used decision-analytic modeling as an example in Fig. 2 , to determine the outcomes, total costs, relative costs, cost-benefit difference and ratio, and events of different models are presented in Table 3 and 4. It directly compares current clinical practice in most parts of Thailand, no screening as the base case. From societal perspective, I-S with NIPS would be most cost-beneficial when the cost of NIPS $416.86 or less, giving B/C ratio of 4.28. If NIPS is more expensive, C-S plus STS (without NIPS) would be most cost-beneficial ( Table 5 , Fig. 3 ). However, its detection rate was slightly lower when compared with the C-S plus STS model. The most costbeneficial model, from governmental perspective, was the independent screening without NIPS, giving B/C ratio of 2.30. Cost-benefit is directly related to the costs of NIPS (Table 6 ). I-S with NIPS gave the B/C ratio of 4.84 if the cost of NIPS was decreased to $277 (This is Thai NIPS cost in 2019).
If 60, 50 and 40% of women first present in the first trimester, sensitivity analysis for societal perspective still shows that I-S with NIPS is most costbeneficial with B/C ratio of 4.15, 3.87 and 3.59, respectively. (not shown in Table) . 
Discussion
The important insights gained from this study are: 1) While C-S was the most effective serum screening test, the most cost-beneficial model, from societal perspective, was I-S with NIPS, though the detection rate was slightly lower than C-S plus STS model. 2) The most costbeneficial model from governmental perspective was I-S, without NIPS. Nevertheless, as a national policy, CBA is better based on societal perspective since taking care of DS child both direct and indirect costs as well as productivity loss due to amniocentesis are all societal burdens. 3) Cost-benefit is directly related to the costs of NIPS. In addition, I-S with NIPS is also the most practical model, in terms of patient's convenience of first visit timing and only once screening.
To be most accurate in cost-benefit analysis, the input values must be reliable. Accordingly, we used most reference ranges derived from our own population, in a large prospective study, since several parameters varies among geographical areas because of racial / biophysical factor and body size. As seen in the part I of the same project as this study, screening performance in detecting Down syndrome is significantly different between serum markers based on Caucasian reference range and Thai reference range; for example, false positive rate of 13.7% vs 7.7%, respectively, for contingent screen. Therefore, this new study (part II of the same project [8] ) used various input values derived from our own reference ranges. Likewise, though natural pregnancy loss is also slightly different from the western studies [13] , we preferred using our own data. Current clinical practice in obstetrics has shifted the paradigm from a conventional prenatal approach based on invasive procedures, to non-invasive prenatal testing for some fetal aneuploidies via NIPS. Since the rapid spread around the world of prenatal diagnosis based on NIPS, it is time to start thinking how this cutting-edge technology might influence current practice of obstetrics in lowresource countries since NIPS will become available in low-resource countries in the foreseeable future [14] . Therefore, we included NIPS in CBA model in this study. Most developing countries have acute limitation of chromosome laboratory and no DS screening, though some countries have DS screening, mostly based on advanced maternal age. MSS is rarely available in the public sector. The main problem is that most poor women cannot access this kind of health care service which is usually available only in the private sector. Only rich couples undergo MSS and NIPS. In near future, DS will be a genetic condition of higher prevalence among those of lower socioeconomics means in comparison to their counterparts with higher socioeconomic means. Certainly, in developing countries, the percentages of NIPS uptake and serum screening are expected to be low, despite the fact that such models are more cost-beneficial than lack of screening or age-based screening as suggested.
Considering the best model for developing countries, several aspects must be taken into account: feasibility, expertise requirement, simplicity, costs of screening tests and invasive diagnosis, capacity in chromosome lab development etc. Note that this study did not include integrated tests, because of the high costs of double screenings with small additional detection rate. It also excluded NT and genetic sonogram, because of the need for high expertise, not practical in low resource settings. FTS alone was not suitable since many women had their first visit in late gestation. C-S plus STS was most effective but had higher costs due to the high rate of intermediate risk requiring STS and was complicated by counseling as well as anxiety during waiting for the final risk. Therefore I-S seems to be more attractive, though with slightly lower detection rate. Moreover, our findings surprisingly indicate that, even in low resource settings, incorporation of the expensive NIPS as a secondary test for high risk women is cost-beneficial, though NIPS as a primary screening is not cost-beneficial and not suitable for developing countries, unless its cost is markedly reduced. Challengingly, the poorer the country, the higher the need for the availability of NIPS, instead of karyotype laboratories. For example, in Thailand, we may need only one effective NIPS center to serve the entire country, whereas we may need a hundred cytogenetic laboratories, including intensive training of more than 1000 technicians to cover the screening of all the 800,000 Thai pregnant women each year. To date, our country could not perform chromosome studies more than 20,000 cases per year. Therefore, NIPS as a secondary screening is more feasible and more cost-effective to serve an entire country, without the overload of amniocentesis and chromosome laboratories, especially when the cost of NIPS reduces. However, although the CBA derived from this study may not be applied to many other countries with lower or higher resource setting than Thailand, it can serve as a study model for other countries.
Because health care resources are limited, CBA-based modeling must be used to guide resource allocation. Since the current practice using conventional or age-based screening would be the least costly model, decision-makers might tend to refrain from implementing NIPS in national health care. However, our CBA indicates that the benefits of NIPS should not be underestimated. In addition to high accuracy, ease to understand, and safe option, the need for less number of experts and chromosome labs must be taken into account. Its implementation could directly facilitate the ultimate goal of the national program for prenatal control of fetal DS. The cost-benefit of NIPS is directly related to its costs and the estimated costs of taking care of a life time of DS. Thus, investments in NIPS would in fact be outweighed by a concurrent decrease in health care and societal costs associated with DS. Note that if we use Caucasian reference ranges of MSS, the false positive rate is very high, leading to a substantial burden of invasive diagnosis as well as fetal loss or expensive NIPS and possibly no costbenefit. Such effects may not be so serious for the payer perspective but are very serious for societal and government perspectives. Therefore, we strongly recommend the development of the normal reference ranges of the intended population for the formation of a national policy.
The strengths of this study are as follows: 1) CBA was based on the strategy effectiveness data and event probabilities derived from the same population and real situations as well as consideration of the proportion of women with late visits of prenatal care. 2) The costs of all tests and medical or non-medical care based on real situations of developing countries like Thailand.
The weaknesses of this study are as follows: 1) CBA did not include payer perspective. 2) The structures and inputs of the decision-analytic model in this study were primarily focused on our national health care. Thus, the results might not be perfectly accurate for other countries' strategies. However, we believe that this could probably be a model for several developing countries especially many parts of Asia. 3) Though I-S with NIPS is most cost-beneficial, its true feasibility of implementation has not yet been explored. 4) Our CBA was derived from Thailand, these data might not perfectly be translated to other developing countries due to uncertainties in uptake or variations in the purchasing power and currency adjustment (World Bank data). Therefore, our results must be cautiously interpreted when applied for other developing countries. 5) This study focused exclusively on DS, did not address the cost issues of the bigger picture. On economic view, DS is only a small part of complete chromosomal and copy number variant abnormalities that can produce as much personal and financial burdens to any population. 6) Indirect cost of taking care of DS might not be perfectly validated. For example, incremental cost savings due to less chance of DS patients to attend university or get married, among many other potential social factors were not incorporated in analysis. As such, our analyses might be positively skewed toward the benefits of prenatal screening.
Conclusion
1) The challenging finding is that, even in low resource settings, I-S with NIPS seems to be most cost-beneficial. Women of all socio-economic levels should have an equal chance to access this facility. 2) The strong impact factors of cost-benefit include cost of NIPS, cost of taking care of a DS child and false positive rate of MSS. 3) Our findings emphasize that the most expensive public policy is to have no screening. Additionally, cost-benefit can be much varied at different NIPS costs. It can change enormously based on changing costs of individual elements, miscalculations in percentage of choices people make, etc. 
